Abstract: Rate coefficients at ambient temperature and atmospheric pressure for the reaction of ozone with 2-methoxypropene (2-MPE) and 2-ethoxypropene (2-EPE) were determined in an evacuable 100 L Teflon reaction chamber using absolute and relative rate methods. The product experiments were carried out using a 50 L Teflon reaction chamber in conjunction with FTIR as the detection technique. The rate coefficients (k in units of cm 3 molecule −1 s −1 ) obtained are 1.18 ± 0.13 × 10 −17 and 1.89 ± 0.23 × 10 −17 for reactions with 2-MPE and 2-EPE, respectively. The effects of the alkoxy group on the gas-phase reactivity of alkyl vinyl ethers toward ozone are compared and discussed. The major ozonolysis products are methyl acetate, formaldehyde and CO 2 for 2-MPE, and ethyl acetate, formaldehyde and CO 2 for 2-EPE. Possible mechanisms for the two vinyl ethers are proposed based on the observed reaction products. Additionally, atmospheric lifetimes of 32 h and 21 h for 2-MPE and 2-EPE were estimated based on the measured rate constants and the ambient tropospheric concentration of ozone, respectively. The obtained values of the lifetimes indicate that the reaction with ozone is an important loss process for these vinyl ethers in the atmosphere, especially in polluted areas.
Introduction
Recent studies suggest that oxygenated volatile organic compounds (OVOCs) are among the most important intermediates in atmospheric chemical processes and highly influence the atmospheric oxidation capacity [1, 2] . These compounds are emitted directly into the atmosphere from natural and anthropogenic sources, but also form in situ from the atmospheric oxidation of hydrocarbons. The natural sources are mainly from biogenic emissions, while the anthropogenic sources include emissions from industries, lubricating oils, coatings or intermediate products for the synthesis of flavors, fragrances and medicines [2] [3] [4] . OVOCs can cause adverse health effects, but also undergo complex chemical reactions in the atmosphere and indirectly affect the environment [5] [6] [7] .
To reduce the damaging effects of these solvents on the environment, some new friendly solvents such as unsaturated ethers have been recommended for use [4, [8] [9] [10] [11] [12] [13] [14] [15] [16] . In particular, 2-methoxypropene (CH 2 =C(CH 3 )OCH 3 , 2-MPE) is commonly used as intermediate in the synthesis of vitamins A and E, and as a protective group for adjacent hydroxyls and 1,2-diols groups in various synthesis [2, 17] . Meanwhile, 2-ethoxypropene (CH 2 =C(CH 3 )OC 2 H 5 , 2-EPE) has gradually been used as intermediate in pharmaceutical industry to replace 2-MPE. The use of these vinyl ethers has gradually increased their emissions into the atmosphere and it has become necessary to precisely evaluate their environmental burden. When released into the air, the photolysis or photochemical oxidation of vinyl ethers occur with OH radicals and O 3 in the daytime, with NO 3 and O 3 in the nighttime and Cl atoms in coastal areas and marine environments [1, 2, 6, [18] [19] [20] . These reactions may lead to the formation of harmful compounds such as photochemical oxidants which are involved in photo-chemical smog events [2] .
To date, relevant kinetic and mechanistic studies have mostly focused on the simplest vinyl ethers. Reactions of methyl vinyl ether (MVE), ethyl vinyl ether (EVE), n-propyl vinyl ether (n-PVE), n-butyl vinyl ether (n-BVE), iso-butyl vinyl ether (i-BVE) and tert-butyl vinyl ether (t-BVE) with O 3 , OH and NO 3 have extensively been reported in the literature [1, 3, 18, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, only few studies of the reaction of 2-MPE with OH, NO 3 and Cl were reported recently [2] . The rate coefficient of the ozonolysis of EVE was first determined to be around 1.5 × 10 −16 cm 3 molecule −1 s −1 by using ozone ultraviolet photometry (UV) [23] . Several studies reported similar values using different experimental methods [1, 18, 29, 30] . The kinetics of the reaction of PVE with O 3 was investigated and rate coefficients in the range 2.3-2.4 × 10 −16 cm 3 molecule −1 s −1 were reported [1, 30, 31] . These rate coefficients are very close to the rate coefficients of the O 3 reactions with n-BVE, i-BVE and t-BVE, 2.3 × 10 −16 , 2.3 × 10 −16 and 2.4 × 10 −16 cm 3 molecule −1 s −1 , respectively, determined by chemiluminescence analysis (CL) [1, 30, 31] . The FTIR method was also used to determine rate constants of 2.6 × 10 −16 , 2.9 × 10 −16 and 5.3 × 10 −16 cm 3 molecule −1 s −1 , for O 3 reactions with n-BVE, i-BVE and t-BVE, respectively [32] . This further indicates that the kinetics of vinyl ethers is weakly sensitive to alkyl substitution on the carbon chain. The products of most of the above-mentioned reactions were detected and results indicated that alkyl formates and formaldehyde were the most abundant, with approximately 80% and 20% yields, respectively, while hydroperoxymethyl formate, CO 2 and CO were the minor products [25, 28, 30] . 
In the present work, we report the kinetic study on the O 3 reactions with 2-MPE and 2-EPE, and suggest possible mechanisms. In the above equations, k 1 and k 2 are the reaction rate coefficients. Experiments were carried out at~298 K and a total pressure of~760 torr using absolute rate and relative rate methods with ozone analyzer, gas chromatography with flame ionization detector (GC-FID) and FTIR as detection techniques. Some of the reaction products were characterized to propose the degradation mechanisms for the studied compounds in the atmosphere. Kinetic and mechanism studies are fundamental to determine the fate of these two species and to assess their influence on health and the environment. Furthermore, the kinetic results obtained are presented and discussed in accordance with the influence of the alkoxy group (−OR) and the −CH 3 substituent on the reactivity of the studied unsaturated ethers, compared to other parent compounds.
Experiments

Materials
The chemicals used in the experiments were obtained commercially and were used as received without further purification: 2-MPE (TCI, >95.0%), 2-EPE (Adamas, >98%), methyl acetate (Aladdin, >99.5%), ethyl acetate (Adamas, >99.8%), cyclohexene (TCI, >99.0%), cyclohexane (Aladdin, >99.9%), and N 2 (> 99.999%). Ozone was generated by high voltage discharge in a flow of pure O 2 (Jinan Deyang Special Gas CO., LTD, Jinan, China, 99.999%) using an ozone generator and saved in a Teflon reactor temporarily. 2-MPE is prone to photochemical reactions and is difficult to preserve. 2-MPE (TCI, > 95.0%) was chosen in the study for its suitability to undergo GC analysis and its ability to contain the stabilizer.
Methods
Chamber Description
The experiments were carried out in a 100 L Teflon chamber. An inlet and an outlet made of Teflon were designed for the injection and detection of reactants and samplings. The chamber could be evacuated by a vacuum pump (2XZ-4, Zhejiang Huangyan). The atmospheric pressure was maintained in the chamber at all times through an adjustable frame, and all experiments were performed at room temperature (298 ± 2 K). Prior to each experiment, the chamber was cleaned by purging with purified dry air at least three times, after which residual hydrocarbons and ozone could not be detected in the reactor. The bath gases were zero air in kinetic experiments and N 2 in product experiments. The zero air generator (111-D3N, Thermo Scientific, Waltham, MA, USA) supplied the dry air. The mass flow controller (D08-8C/ZM, Beijing Sevenstar Electron Corporation, Beijing, China) with a flow accumulator recorded the volume of purified air or N 2 in the reactor in kinetic experiments. The chamber was connected to the GC-FID or ozone analyzer in the kinetic experiments and FTIR spectroscopy analytical system in the product studies. Before experiments, homogeneous mixing of the reagents and ozone in the chamber was obtained by repeated pumping-injecting processes with a 100 mL gas syringe. The reagents were injected into the chamber by a microsyringe while the samples were injected into the GC by a 100 mL gas syringe.
Kinetic Studies Absolute Measurements
Rate coefficients for the gas phase reactions of 2-MPE and 2-EPE with ozone were determined using both absolute rate and relative rate methods. The absolute measurement is based on measuring the loss of ozone in the presence of a known excess concentration of the substrate compounds (2-MPE and 2-EPE). The concentration of ozone was controlled by the following processes: 3 ] represents the residual one. In the ozone decay experiments, the rate constant of the ozone decay was obtained to be 4.44 ± 0.28 × 10 −6 s −1 after 8 h, which is about two orders of magnitude lower than the pseudo-first-order reaction rate constants in this work. Thus, the ozone loss caused by wall effect in our experiments is negligible. The rate constants of the decay of 2-MPE and 2-EPE were also detected in the order of 10 −6 s −1 . The purities of all compounds were higher than 95% and the side reaction of ozone with impurities was expected to be insignificant. Hence, loss of ozone either at the wall or by reaction with impurities in the substrate compounds was unlikely to be important. Additionally, with the large ratio condition of initial concentrations, [Substrate] 0 /[O 3 ] 0 > 50, the substrate concentration permanently remained a constant during the reaction. Reaction (R4) can thereby be seen as pseudo-first-order reaction, and the following rate equation could be obtained:
where k 1 is the rate coefficient for reaction (R4).
Previous studies have shown that OH radicals are generally formed in the reactions of ozone with alkenes under atmospheric conditions [33] [34] [35] [36] . Considering that OH reacts with these compounds several orders of magnitude faster than O 3 does, this would result in error in the rate constant determinations. There is much evidence that the interaction of ozone with unsaturated compounds in the gas phase produces significant amounts of OH radicals [36] [37] [38] [39] [40] . To prevent the impact of OH on the rate constant determination, high concentrations of cyclohexane were added into the reaction system as OH scavenger. Ozone was generated by high voltage discharge in a flow of pure O 2 using an ozone generator and saved in a Teflon reactor temporarily. The reactants and cyclohexane were well mixed for around 30 . The secondary reactions of the oxidant with primary reaction products could be considered as negligible, taking into account the sufficient excess of the reactant over the oxidant [41] .
Relative Measurements
The relative rate method was chosen to compare the rate coefficients measured by the absolute method. This method relies on the assumption that both compounds in the reaction mixture, the substrate and the reference compound, are removed solely by their reactions with ozone:
where k s and k R are the rate constants for reactions (R6) and (R7), respectively. The decays of the substrate and the reference compounds are governed by the following rate equations:
Integration and rearrangement of Equations (2) and (3) leads to the expression: should be a straight line passing through the origin and whose slope gives the ratio of rate coefficients k S /k R . Each reaction studied was measured relative to the reactions of different reference standards. Three factors were considered in the choice of the reference compounds: (i) the rate constants for reactions with ozone should be well known; (ii) the ratio of the rate constant of the ozonolysis of the reference compound to that of the substrate should be within an appropriate range, which is 1/10-10; and (iii) the wall loss of the reference compounds should be negligible to minimize errors. Based on these features, furan, 2-methylfuran, isoprene, cyclohexene, 1-methylcyclohexene, propene and cis-2-butene were chosen as potential reference compounds. After testing, only the peaks of the chromatogram of cyclohexene were clearly separated from those of reactants, products and OH scavenger. We then used cyclohexene as reference compound, similar to previous studies [7, 18, 32] .
Initial concentrations of vinyl ethers ranged from 40 to 80 ppm, those of cyclohexene ranged from 40 to 60 ppm, and 3000 ppm of the cyclohexane was added into the reactor to scavenge OH radicals. Ozone decay experiments mentioned in absolute measurements showed that the ozone loss caused by wall-loss can be neglected. The reactants were well mixed for around 30 min prior to adding O 3 to the system. Then, approximately 4 ppm of ozone was added to the reaction mixture at the start of the reaction. During the oxidation reactions processes, eight further additions of ozone were added into the reactor in the same manner. The loss of substrate and formation of products were monitored after each ozone addition. Some studies indicated that reaction rate with near-zero intercept means the concomitant secondary reaction is negligible [41, 42] . The measurements were repeated three times under different initial concentration ratios of the reactants and reference compounds. The reaction products, detected every 30 min, were similar. Thus, the results of relative measurements showed that the secondary reaction in these reactions can be neglected.
The reactants concentrations in the chamber were measured by GC-FID (7890B, Agilent Technologies), using a DB-VRX (60 m × 0.25 mm id × 1.4 µm film thickness, Agilent Technologies) capillary column. The chromatographic conditions used for the analysis were as follows: injector 250 • C, detector 300 • C, column temperature 100 • C, detection time 7 min. Nitrogen was used as the carrier gas at a constant flow of 0.8 mL min −1 .
Product Study
The experiment was performed using a 50 L Teflon reaction chamber (with N 2 as carrier gas) in conjunction with FTIR absorption spectroscopy as the detection technique. A total path length of 20 cm glass cell equipped with CaF 2 windows was used to measure the spectra at room temperature within the spectral range 4000-400 cm −1 . The IR spectra were recorded every 30 min by co-adding 128 interferograms with a spectral resolution of 1 cm −1 using a Bruker Vertex 70 FTIR spectrometer fitted with KBr beam splitter and a DLaTGS detector.
Contrary to kinetic studies, the reaction in the product experiment was conducted without OH scavenger as its effect was shown to be negligible in such studies [28] . The concentrations of the substrates were both around 100 ppm. Prior to the experiments, the infrared spectra of each compound were measured before to ensure that the peaks would not be overlapped and that possible products would not interfere with the reactant peaks. According to this, the samples used were monitored in the IR at the following absorption frequencies for the reactions: 1098 cm −1 and 1296 cm −1 for the ozonolysis of 2-MPE, and 1098 and 1291 cm −1 for the ozonolysis of 2-EPE. In the beginning of the experiments, known quantities of each compound were introduced separately into the chamber. After adding ozone for 2 h, the final changes of the infrared spectra of the reactants and products could be obtained. Theoretical calculations at the MP2/aug-cc-pVTZ level of theory were carried out to determine the IR band position of formaldehyde.
Results and Discussion
Kinetic Studies
Absolute measurements. As described above, six runs were conducted in the case of different initial substrate concentrations under pseudo-first-order conditions. In all experiments, the decline of Figure S1 (1,2)). The experimental condition details are listed in Table  S1 . As shown in Figure S1 , straight lines were obtained for all pseudo-first-order plots. All lines have excellent correlation coefficients (>0.998). Besides, it was evidenced that the ozonolysis of the main products detected hereinafter do nto likely compete with the parent reaction. This demonstrates that Equation (1) is suitable for the kinetic study in this work. This is in line with a previous study based on absolute measurements [29] . From six decay rates of O 3 related to different substrate concentrations and using Equation (1), k S was obtained through linear least-squares analysis of the plot of decay rates of O 3 versus 2-MPE and 2-EPE concentrations (see Figure 1) . The rate constants obtained were 1.18 ± 0.13 × 10 −17 and 1.89 ± 0.23 × 10 −17 cm 3 molecule −1 s −1 for 2-MPE and 2-EPE reactions, respectively. The measurement error is mainly associated with the following. (1) Instrument: The area repeatability is <1% relative standard deviation (RSD) for the Agilent 7890B. The uncertainty is ±10% when the linear dynamic range is more than 10 7 for the FID detector. In our experiments, the peak intensity is in the range 10 5 -10 6 , which is less than the maximum range of FID. Hence, we consider 1% error for the instrument. (2) Wall loss: The wall loss was less than 3% over the course of 8 h. (3) Other possible errors include the flow measurement in the chamber, the temperature, and the transfer from the chamber to GC. With the compilation of these errors, the uncertainty in the VOC concentration should have at least 10% systematic error on each data point.
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Product Study
The IR spectra obtained during the oxidation of 2-MPE are shown in Figure 3 along with that of the identified products. The peaks of intermediates in the reaction of 2-MPE with O 3 , monitored by the FTIR, are shown in the Supplementary Materials ( Figure S3 ). Possible products bands were determined to be 1247 and 1778 cm −1 for methyl acetate (CH 3 C(O)OCH 3 ), 1247 and 1769 cm −1 for ethyl acetate (CH 3 C(O)OCH 2 CH 3 ), and 2349 cm −1 for CO 2 . In laboratory studies, formaldehyde gas (without water) is produced by thermal depolymerization of trioxymethylene. This process is complicated, and formaldehyde gas is not readily available. According to the literature, the IR peaks of formaldehyde are 1167, 1249, 1500, 1745, 2782 and 2843 cm −1 [2, 28, 55, 56] . Theoretical calculations predict these peaks at 1198, 1266, 1541, 1754, 2971, and 3044 cm −1 , respectively. To avoid overlapping with parent bands or other product bands, 1745 cm −1 was chosen as the feature for formaldehyde. After a reaction time of 2 h and full consumption of 2-MPE, the main products detected were CO 2 , methyl acetate and formaldehyde. A reaction mechanism is proposed for this reaction, based on the reaction products identified and previous mechanism studies of unsaturated compounds [2, 25, 28, 42] .
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As can be seen in Scheme 1, the reaction of 2-MPE with O3 pursued by O3 electrophilic addition on the double bond and accordingly led to the formation of the primary ozonide, which has been proved to form in similar reactions in our previous study [57] . Primary ozonide could rapidly decompose by two pathways: the first one is decomposition to CH3C(O)OCH3 and a Criegee intermediate ([CH2OO]*), and the second is the formation of another Criegee intermediate ([CH3OC(CH3)OO]*) and HCHO. The rates of these two pathways were rapid and the products were barely detected by matrix isolation technique [57] . Both Criegee intermediates could undergo collisional stabilization and thus are formed in either excited or stabilized forms, resulting in a total of four decomposition channels for the reaction. The excited forms were proposed to have a number of different decomposition and/or rearrangement pathways. [CH2OO]* could form dioxirane and rapidly recombine to excited formic acid, therewith decomposing to OH and some small molecules such as CO2 and CO. HCOOH and formaldehyde are both reaction partners for Criegee biradicals in Reactions (3c), (3d), (5a) and (5d) in Scheme 1. These paths can become important sinks if a sufficient amount of Criegee biradicals and formaldehyde have been formed. Reactions (5a) and (5b) may form additional methyl acetate in the presence of HCHO and H2O and lead to higher yield than from Reactions (1a) and (1b) alone. This assumption could be verified by the intense IR vibration of methyl acetate in Figure 3 . The branching ratio of the decomposition of the primary ozonide is usually close to 1:1 for n-alkyl substituted alkenes. In contrast, bulky or branched-chain substituted alkenes would preferably lead to the formation of the longer carbonyl (such as methyl formate) and the shorter Criegee biradical (i.e., [CH2OO]*) [25] . This rule implies that the effect of the methoxy substitution is similar to that of a bulky or branched substituent. Similar results were observed in previous studies of the ozonolysis of linear vinyl ethers, where Reactions (1a) and (1b) could account for 60-80% of the total decomposition of the primary ozonide [18, 25, 28, 29] . However, no direct evidence of the branching ratios for the formation of the excited or stabilized Criegee biradicals could be inferred from the present study. In conclusion, the four types of Criegee intermediates formed in the ozonolysis of 2-MPE can undergo a variety of further reactions, and all possible pathways are summarized in Scheme 1. As can be seen in Scheme 1, the reaction of 2-MPE with O 3 pursued by O 3 electrophilic addition on the double bond and accordingly led to the formation of the primary ozonide, which has been proved to form in similar reactions in our previous study [57] . Primary ozonide could rapidly decompose by two pathways: the first one is decomposition to CH 3 C(O)OCH 3 and HCHO. The rates of these two pathways were rapid and the products were barely detected by matrix isolation technique [57] . Both Criegee intermediates could undergo collisional stabilization and thus are formed in either excited or stabilized forms, resulting in a total of four decomposition channels for the reaction. The excited forms were proposed to have a number of different decomposition and/or rearrangement pathways. [CH 2 OO]* could form dioxirane and rapidly recombine to excited formic acid, therewith decomposing to OH and some small molecules such as CO 2 and CO. HCOOH and formaldehyde are both reaction partners for Criegee biradicals in Reactions (3c), (3d), (5a) and (5d) in Scheme 1. These paths can become important sinks if a sufficient amount of Criegee biradicals and formaldehyde have been formed. Reactions (5a) and (5b) may form additional methyl acetate in the presence of HCHO and H 2 O and lead to higher yield than from Reactions (1a) and (1b) alone. This assumption could be verified by the intense IR vibration of methyl acetate in Figure 3 . The branching ratio of the decomposition of the primary ozonide is usually close to 1:1 for n-alkyl substituted alkenes. In contrast, bulky or branched-chain substituted alkenes would preferably lead to the formation of the longer carbonyl (such as methyl formate) and the shorter Criegee biradical (i.e., [CH 2 OO]*) [25] . This rule implies that the effect of the methoxy substitution is similar to that of a bulky or branched substituent. Similar results were observed in previous studies of the ozonolysis of linear vinyl ethers, where Reactions (1a) and (1b) could account for 60-80% of the total decomposition of the primary ozonide [18, 25, 28, 29] . However, no direct evidence of the branching ratios for the formation of the excited or stabilized Criegee biradicals could be inferred from the present study. In conclusion, the four types of Criegee intermediates formed in the ozonolysis of 2-MPE can undergo a variety of further reactions, and all possible pathways are summarized in Scheme 1. For the reaction of 2-EPE with ozone, the main products observed were CO2 (2349 cm −1 ), ethyl acetate (1247 and 1769 cm −1 ) and formaldehyde (1745 cm −1 ) (these peaks are shown in Figure S2) , and, likewise, a similar mechanism to the mechanism of the 2-MPE + O3 reaction could be speculated (see Scheme S1). As shown in Scheme S1, the primary ozonide rapidly decomposes to [CH2OO]*, ethyl acetate ([CH3CH2OC(CH3)OO]*), and formaldehyde. The excited Criegee intermediates can be stabilized, or decomposed to OH and some small molecules such as CO2 and CO. Besides, it could also be observed the strong absorption bands of ethyl acetate in the IR spectrum, which illustrates that Reactions (6a) and (6b) are the dominant channels. The observed products, esters and aldehydes, can be explained by a mechanism proceeding mainly by O3-addition to the C=C double bond. A similar addition mechanism was also observed in the reaction of 2-MPE with OH [2] . Comparing the reaction of different vinyl ethers with O3, OH, NO3 and Cl from different studies, a general mechanism based on initial radical addition could be proposed, as the main products observed from these studies were esters and aldehydes [2, 18, 25, 28, 58] . This mechanism could be extended to other unsaturated functionalized compounds like unsaturated alcohols and unsaturated aldehydes, for the initial mechanism step is the oxidant addition to the C=C double bond [29, 54] . However, the following steps depend on the nature of the functional group present in the compound.
The calculation of rate coefficients from the structure-reactivity relationship (SAR) method [59] [60] [61] [62] [63] [64] does not apply to 2-MPE and 2-EPE since the rate coefficient, 5.68 × 10 −17 cm 3 molecule −1 s −1 at 298 K, for the reaction of O3 with both vinyl ethers is higher than the values determined experimentally in this work. The difference between the experimental values and those calculated may be due to the hindrance of the alkyl group next to the C=C double bond.
Atmospheric Implications
Oxidation, photolysis, and wet/dry deposition of volatile organic compounds are their main atmospheric transformation processes. Since vinyl ethers do not absorb in the tropospheric actinic region, photolysis is a negligible process in their transformation [22] . It could also be postulated that wet deposition is a negligible loss process because of their low Henry's law constants [32] . Meanwhile, due to the existence of the alkene moiety in their structures, vinyl ethers show high reactivity toward OH radicals, ozone, and NO3 radicals. Lifetimes of 2-MPE based on its reactions with OH and NO3 have been reported in a previous study to be 2.44 and 0.023 h, respectively [2] . To our knowledge, no lifetime for 2-EPE has been reported previously. For the reaction of 2-EPE with ozone, the main products observed were CO 2 (2349 cm −1 ), ethyl acetate (1247 and 1769 cm −1 ) and formaldehyde (1745 cm −1 ) (these peaks are shown in Figure S2) , and, likewise, a similar mechanism to the mechanism of the 2-MPE + O 3 reaction could be speculated (see Scheme S1). As shown in Scheme S1, the primary ozonide rapidly decomposes to [CH 2 OO]*, ethyl acetate ([CH 3 CH 2 OC(CH 3 )OO]*), and formaldehyde. The excited Criegee intermediates can be stabilized, or decomposed to OH and some small molecules such as CO 2 and CO. Besides, it could also be observed the strong absorption bands of ethyl acetate in the IR spectrum, which illustrates that Reactions (6a) and (6b) are the dominant channels. The observed products, esters and aldehydes, can be explained by a mechanism proceeding mainly by O 3 -addition to the C=C double bond. A similar addition mechanism was also observed in the reaction of 2-MPE with OH [2] . Comparing the reaction of different vinyl ethers with O 3 , OH, NO 3 and Cl from different studies, a general mechanism based on initial radical addition could be proposed, as the main products observed from these studies were esters and aldehydes [2, 18, 25, 28, 58] . This mechanism could be extended to other unsaturated functionalized compounds like unsaturated alcohols and unsaturated aldehydes, for the initial mechanism step is the oxidant addition to the C=C double bond [29, 54] . However, the following steps depend on the nature of the functional group present in the compound.
The calculation of rate coefficients from the structure-reactivity relationship (SAR) method [59] [60] [61] [62] [63] [64] does not apply to 2-MPE and 2-EPE since the rate coefficient, 5.68 × 10 −17 cm 3 molecule −1 s −1 at 298 K, for the reaction of O 3 with both vinyl ethers is higher than the values determined experimentally in this work. The difference between the experimental values and those calculated may be due to the hindrance of the alkyl group next to the C=C double bond.
Oxidation, photolysis, and wet/dry deposition of volatile organic compounds are their main atmospheric transformation processes. Since vinyl ethers do not absorb in the tropospheric actinic region, photolysis is a negligible process in their transformation [22] . It could also be postulated that wet deposition is a negligible loss process because of their low Henry's law constants [32] . Meanwhile, due to the existence of the alkene moiety in their structures, vinyl ethers show high reactivity toward OH radicals, ozone, and NO 3 radicals. Lifetimes of 2-MPE based on its reactions with OH and NO 3 have been reported in a previous study to be 2.44 and 0.023 h, respectively [2] . To our knowledge, no lifetime for 2-EPE has been reported previously.
Based on rate constants observed in this work, the estimated atmospheric lifetimes (τ) of 2-MPE and 2-EPE considering their reactions with ozone were calculated using the relationship τ = 1/k[X], where [X] represents the typical concentration of ozone and k is the reaction rate constant. With a 24-h average concentration for ozone of 7 × 10 11 molecule cm −3 [65] , the tropospheric lifetimes of 2-MPE and 2-EPE were estimated to be 32 h and 21 h, respectively. At this O 3 concentration, the lifetime of 2-MPE is not as important as the lifetimes based on reactions with OH and NO 3 . However, in some urban areas where O 3 concentration levels reach 4.57 × 10 12 molecule cm −3 , the lifetime of 2-MPE can get as low as 5 h while that of 2-EPE could become 3 h. Under these conditions, the ozonolysis of 2-MPE and 2-EPE would play a relatively important role in the atmospheric oxidation processes. Combination of the current results with those previously published on the reactions of vinyl ethers with other main atmospheric oxidants provides a comprehensive set of kinetic data to evaluate their importance in atmospheric chemistry.
Conclusions
We report a series of chamber experiment studies on the reactions of ozone with two vinyl ethers, 2-MPE and 2-EPE. The experiments were performed based on absolute method with ozone analyzer, and relative method with GC-FID and FTIR. At room temperature and atmospheric pressure, the following rate coefficients (in units of cm 3 molecule −1 s −1 ) have been obtained: 1.18 ± 0.13 × 10 −17 and 1.89 ± 0.23 × 10 −17 for 2-MPE and 2-EPE, respectively. The effects of the alkoxy groups between the branched chain and linear chain of the alkyl vinyl ethers are discussed. Comparing the rate coefficients of the ozonolysis of different unsaturated ethers led to the following observation: the alkyl group next to the C=C double bond can hinder the addition of ozone to the C=C bond of 2-MPE and 2-EPE from forming 1,2,3-trioxolane in the primary ozonide. Meanwhile, the inhibition of alkyl group becomes weaker with the increase of hydrophobic chain.
The main products are methyl acetate, formaldehyde and CO 2 for 2-MPE, and ethyl acetate, formaldehyde and CO 2 for 2-EPE, and reaction mechanisms were proposed from the observed products. The mechanism of the ozonolysis of these two unsaturated ethers follows the Criegee mechanism, from which four decomposition channels for the reaction can be obtained. From the tendency of forming the longer carbonyl and the shorter Criegee biradical, the methoxy substitution plays a similar role to that of a bulky or branched substituent. Future work should include more functionalized ethylenic compounds such as unsaturated alcohols and unsaturated aldehydes, which would be useful and informative to assess their environmental impact and their role in atmospheric chemistry. Figure S2 : IR spectra of the detected products in the reaction of 2-EPE with O 3 . The violet line (top) indicates the spectrum of 2-EPE at t = 0 h; the green line (middle) represents the spectrum of 2-EPE at t = 2 h; and the brown line (bottom) is the standard ethyl acetate. Figure S3 : The 2-MPE with O 3 reaction process monitored by FTIR spectra. Scheme S1: Proposed mechanism for the reaction of 2-EPE with O 3 . Table S1 : The experimental conditions and results from the reactions of O 3 with 2-MPE and 2-EPE using the absolute method at 298 ± 2 K in 1 atm of air. 
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